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(57) Abstract: An array of microscopes and a method of imaging an 
object with the array of microscopes. The array includes a plurality of 
optical elements being individually disposed with respect to a corre- 
sponding image plane and configured to image respective sections of 
an object, and includes a plurality of image sensors corresponding to 
respective optical elements and configured to capture corresponding 
representations of the respective sections of the object. The method 
includes imaging respective sections of an object witha plurality of 
optical elements and capturing corresponding representatives of sec- 
tions of the object from a plurality of image sensors. 



BNSDOCID: <WO_02075370A2J_> 



BEST AVAILABLE COPY 



r 



WO 02/075370 A2 I Hill It IIIKI lllllllll I II Ulllllf lllll Hill IIIEI UIII llll IIIIIII lllinil HI! 



European patent (AT, BE, CH, CY, DE, DK, ES, Fl, FR, For two-letter codes and other abbreviations, refer to the "Guid- 

GB, GR, IE, IT, LU, MC, NL, PT, SE, TR), OAPI patent ance Notes on Codes and Abbreviations" appearing at the begin- 

(BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML, MR, ning of each regular issue of the PCT Gazette. 
NE, SN, TD, TO). 

Published: 

— without international search report and to be republished 
upon receipt of that report 



BNSDOCID: <WO_02075370A2_I_> 



WO 02/075370 PCT/US02/08286 



TITLE OF THE INVENTION 

MINIATURIZED MICROSCOPE ARRAY DIGITAL SLIDE SCANNER 

5 Cross Reference to Related Applications 

This application claims benefit of priority under 35 U.S.C. §1 19 to U.S. 
Provisional Application No. 60/276.498 filed on March 19, 2001, the entire contents 
of which are incorporated by reference. 

10 BACKGROUND OF THE INVENTION 

Field of the Invention 

The present invention relates to the field of light microscopy. More 
particularly, this invention relates to a microscope array for scanning an object at high 
resolution or projecting a pattern onto a surface of an object. 

15 

Description of the Related Art 

Pathologists are physicians responsible for analyzing tissue specimens, fine-needle 
aspirates of tissues, cytology specimens, and liquid specimens such as urine and 
blood by light microscopy. Analysis of specimens frequently is accomplished by 

20 viewing specimens on slides through a light microscope or by viewing electronic 
images of the specimens on a video monitor. Video images can be obtained by 
mounting a video camera on a conventional light microscope and capturing images in 
either an analog or a digital imaging mode. Microscopes with motorized stages 
translate slides to move one portion of the specimen on the slide into a field of view 

25 of the microscope and then translate to move another portion of the specimen into the 
field of view. Microscopic digital images of entire specimens can be assembled from 
the individual digital images. Light microscopes have a field of view (FOV) 
measuring from 10's of microns to millimeters in diameter, depending on the 
transverse magnification of the objective. To image an entire standard microscope 

30 slide (i.e., a 20 mm by 50 mm microscope slide) requires a conventional light 
microscope to scan back and forth multiple times. The scanning process is time 
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intensive. As a result, all portions of the pathological specimen are not imaged. 
Rather, the pathologist depends on statistics to determine a normal or an abnormal 
culture. Digital images of a percentage of the pathological specimen are scanned and 
captured in a matter of minutes using the conventional motorized light microscope. 
5 While it is possible to design an optical system with a single optical pathway 

which has a FOV comparable to the microscope slide width, such a design requires a 
very large objective lens which in turn produces a large imaging system requiring 
substantial stabilization of the microscope during scanning and imaging. As a result, 
microscopes with smaller objectives and smaller FOVs have been used, and a 
10 subsample of a few thousand fields of the pathological sample may be relied upon to 
represent the histopathology, cytopathology, or histomorphology of the specimen. 
The complete pathological sample is not necessarily viewed which can be suboptimal 
for medical purposes. 



15 

SUMMARY OF THE INVENTION 
One object of the present invention is to provide an imaging system which can 
rapidly scan microscopy specimens and produce a composite image of entire 
specimens. 

20 Another object of the present invention is to provide an imaging system with 

near diffraction-limited optical performance such that the clarity of the images is not 
degraded by wave-front aberrations, ray aberrations, or chromatic aberrations. 

Still another object of the present invention is to provide an imaging system in 
which specimens with topography variations or thicknesses greater than the depth of 
25 field of the optical microscope can be imaged. 

Yet another object of the present invention is to provide an imaging system in 
which color contrasts can be imaged. 

Another object of the present invention is to provide an imaging system in 
which the entire width of a specimen such as for example a specimen on a standard 
30 20 mm x 50 mm microscope slide area can be imaged in a single scan. 

Still another object of the present invention is to image the entire microscopy 
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specimen in which the histopathology, cytopathology, histomorphology, or other 
related properties, of the specimen can be studied. 

These and other objects of the present invention are achieved with an array of 
microscopes and a method of imaging an object with the array of microscopes! The 
5 array includes a plurality of optical elements (e.g. a microscope objective lens) 
configured to image respective sections of an object and disposed with respect to a 
corresponding image plane so as to produce a magnified image of a respective section 
of the object at the corresponding image plane. The array includes a plurality of 
image sensors corresponding to respective optical elements and configured to capture 

10 corresponding representations of sections of the object. ' 

The method includes imaging respective sections of an object with a plurality 
of optical elements and capturing corresponding representations of sections of the 
object from a plurality of image sensors. The method involves for example producing 
a relative scanning motion between an array of microscopes and the object so that the 

15 array of microscopes scans the object either longitudinally or, alternatively, laterally 
relative to the long dimension of the object, and generates an image signal 
corresponding to images from each microscope, capturing the image signals, and 
concatenating the image signals into a composite image. 

The image in each field of view of the optical element can be digitally 

20 imaged. Using the planar microscope array (MA) of the present invention, large 

areas of a pathological specimen (i.e. the object) can be imaged at high resolution. In 
the imaging process, the MA moves along a longitudinal direction of a glass slide and 
stops momentarily and repeatedly to acquire images of adjacent portions of the 
object. Alternatively, in the imaging process, the MA is stationary and a glass slide 

25 moves along a longitudinal direction of the glass slide and stops momentarily and 
repeatedly while the MA acquires images of adjacent portions of the object. 
Alternatively, the MA can be translated continuously relative to the stationary glass 
slide. Alternatively, the glass slide can be translated continuously relative to a 
stationary MA. Images from each microscope element in the MA are collected and 

30 stored in an electronic medium. In one embodiment of the present invention, the 
images from each microscope element are processed and concatenated into a 

3 
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composite digital file. The composite digital file can be retrieved for example at a 
workstation, navigated with a browser, and viewed in its entirety. 

In the present invention, each individual microscope has a small field of view 
(FOV). When multiple microscopes are packaged in an array, then a FOV 
5 comparable to the width of a slide containing the pathological specimen can be 

achieved. In one embodiment of the present invention, the MA system is constructed 
to have a FOV that covers the entire width of a microscope slide. In this embodiment, 
only a single scan pass is needed to form a digital image of the entire microscope 
slide. 

10 According to one aspect of the present invention, the refractive plates have 

lithographically printed, embossed, molded, or laser-printed corrective elements such 
as for example lenslets or aspherical lenses or diffractive components. The 
lithographically printed corrective elements are fabricated by a sol-gel process. The 
sol gel process utilizes UV-activated sol gels and UV photomask exposure and 

15 developing to define the corrective optical elements on the surface of the refractive 
plates. The laser-printed corrective optical elements are fabricated by a sol-gel 
process which utilizes laser writing to define the corrective optical elements on the 
refractive plates. 

According to another aspect of the present invention, the corrective optical 
20 elements are made individually from materials having substantially different indices 
of refraction. 

According to a further aspect of the present invention, a set of composite 
refractive plates including all the corrective optical elements and a composite base 
plate including all the objective lenses are aligned and assembled to constitute an MA 
25 assembly. 

According to one aspect of the present invention, the objective lens and the at 
least one refractive plate define an imaging system with a transverse-magnification 
magnitude ranging from |m| > 1. 

According to another aspect of the present invention, the objective lens and 
30 the at least one refractive plate define an imaging system with a transverse- 
magnification magnitude ranging from |m|>0to|m|<l. 



BNSDOCID: <WO_02075370A2_I_> 



WO 02/075370 



PCT/US02/08286 



According to another aspect of the present invention, the objective lens is held 
by a base plate that houses the objective lens. The base plate can be a silicon 
substrate. The base plate can contain multiple objective lenses. The base plate can be 
made from materials other than silicon such as for example glass and plastics (e.g., 
5 polymethyl methacrylate PMMA, polystyrene, polycarbonate, acrylic, and 
cycloolefine copolymer COC). 

According to one aspect of the present invention, the objective lens is at least 
one of a plano-convex lens, a biconvex lens, a concave-convex lens, and a spherical 
lens. The objective lens can have at least one conical ly-derived surface such as for 
10 example a hyperboloidal surface. The objective lens can be made from a glass having 
a spatially varying index of refraction such as for example of Nippon Sheet Glass 
gradient index lens glass, and Lightpath GRADIUM® glass. Further, the spherical 
lens can include an aspherical departure. For example, the ball lens can include 
aspherical surfaces such as an aspheric cap. 
15 According to one aspect of the present invention, the objective lens and a 

refractive plate define a dry imaging system with a numerical aperture (NA) within a 
range from NA = 0.05 to NA < 1.0. 

According to another aspect of the present invention, the objective lens and a 
refractive plate define an immersion imaging system with a numerical aperture (NA) 
20 within a range from NA = 0.05 to NA = 0.95/z, where n is the index of refraction of 
the immersion medium. Common immersion media are water (n = 1 .33) and 
microscope immersion oil (w = 1.515) available from Cargille Laboratories Inc., 
Cedar Grove, New Jersey. 

According to one aspect of the present invention, a micro-optical table is 
25 configured to locate and fix positions of a base plate holding the objective lens, the 
refractive plate, and the image sensor. The attachment of the base plate, the refractive 
plate, and the image sensor to the micro-optical table is assisted by or secured by a 
silicon spring, integrally fabricated into slots in the micro-optical table. 

According to another aspect of the present invention, the refractive plate is 
30 attached to the micro-optical table. The refractive plate can include a cubic phase 
optical element permitting the MA to image objects with substantial topography 

5 
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variations or topography beyond the depth of field or thickness beyond the depth of 
field of any one of the individual microscopes. Further, the refractive plate can 
include a material with an electronically controllable refractive index, permitting 
dynamic focusing of the microscope array at multiple depths into or on the object. 
5 The refractive plate can be a continuous plate sheet or can be a series of segmented 
plates. 

According to one aspect of the present invention, the optical axes of the 
microscope are arranged on a staggered grid such that a field of view of one 
microscope in a column partially overlaps a field of view of another microscope in 

10 the column if translated longitudinally. According to another aspect of the present 
invention, the MA is configured to translate both longitudinally along the length of 
the object and axially away from the object. The translational motion scans the 
microscope slide to generate individual images of the object which can be 
concatenated into a composite image. The axial motion permits focusing and scans of 

1 5 thick objects or objects of varying topography such that scans at different axial 

heights above the sample can yield, when processed, a composite three-dimensional 
image of the object. 

According to another aspect of the present invention, the image sensor 
includes a photodetector array. The photodetector array can be segmented parallel to 

20 the optical axis of the microscopes or the photodetector array can be tilted off-axis of 
the microscopes in a staircase configuration, permitting simultaneous imaging of 
objects at different depths into or above a specimen surface, yielding a composite 
three-dimensional image. 

According to another aspect of the present invention, the image sensor 

25 includes a linear photodetector array or multiple linear photodetector arrays located in 

4 

an image plane of the MA such that scanning of the MA across the sample forms line- 
by-line images of the object which are concatenated into a composite image of the 
object. 

According to another aspect of the present invention, the image sensor 
30 includes multiple linear photodetector arrays located in an image plane of the MA 
with each linear photodetector array having a spectral color filter or a spectral band- 
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width filter such that scanning of the MA across the sample forms line-by-line images 
of the object which are concatenated into a composite color image of the object. 

According to another aspect of the present invention, the MA can include a 
light source which is used in either a transillumination or an epi-illumination 
5 configuration. In the transillumination configuration, the object can be illuminated by 
means of an array of light emitting diodes (LEDs). A diffusing surface can be placed 
between the LEDs and the object to improve the uniformity of illumination and to fill 
the numerical aperture of the microscopes. The diffusing surface can be opal glass. 
In the epi-illumination configuration, light form the light source can be transmitted to 
1 0 the object by fiber-optic or slab waveguides on a base plate incorporating the 
miniature microscope objectives or the objective lenses. 

According to another aspect of the present invention, the MA further includes 
a scan motor to drive the MA longitudinally across the object and a height-adjustment 
motor to adjust an axial distance from the objective lens to the object. 

15 

BRIEF DESCRIPTION OF THE DRAWINGS 
A more complete appreciation of the present invention and many attendant 
advantages thereof will be readily obtained as the same becomes better understood by 
reference to the following detailed description when considered in connection with 
20 the accompanying drawings, wherein: 

Figure 1 A is a schematic depiction of a single miniaturized microscope in a 

MA; 

Figure IB is a schematic depiction of a silicon clip locating an optical element 
in a slot on a micro-optical table; 
25 Figure 1 C is a schematic depiction illustrating the assembly of a refractive 

plate onto the micro-optical table; 

Figure 2 is a schematic depiction of a row of 1 3 miniaturized microscopes; 
Figure 3 is a schematic of an optical design layout for a single miniaturized 
microscope objective; 
30 Figures 4A-4C are schematics of the optical performance of the optical 

design layout shown in Figure 3; 

7 
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Figure 5A is an isometric view of a MA with 99 microscopes; 

Figure 5B is a top view of a MA with 99 microscopes; 

Figure 6 is a schematic depicting a composite layout of the fields of view for 
the 99 microscopes depicted in Figures 5 A and 5B; 
5 Figure 7 A is a schematic depicting a scanned section of the object; 

Figure 7B is a schematic depicting a magnified section of Figure 7 A; . 

Figure 8 is a schematic depiction of a refractive plate patterned with an array 
oflenslets; 

Figure 9 is a schematic depiction of a composite base plate and three 
10 composite refractive lens plates; 

Figure 10 is a schematic depiction of a high numerical aperture microscope 
objective; 

Figure 1 1 is a flow chart illustrating imaging steps of the present invention; 
Figure 12 is a schematic illustration of a computer system programmed to 
1 5 perform one or more of the special purpose functions of the present invention; 

Figure 13 is a schematic depiction of a mount design for an MA of the present 
invention including a composite base plate and three composite refractive lens plates; 

Figure 14 is a schematic depiction of a composite refractive plate patterned 
with an array of lenslets as would be stacked according to the schematic depiction in 
20 Figure 13; 

Figure 15 is a schematic depiction of an aperture stop array as would be 
stacked according to the schematic depiction in Figure 13; 

Figure 1 6 is a schematic depiction of a side view of an MA of the present 
invention that incorporates an array of cubic-phase plates; 
25 Figure 1 7 is a schematic depiction of image-sensor formats that are 

compatible with the MA of the present invention and offer diverse image-acquisition 
modalities; 

Figure 18 is a schematic depiction of a side view of transparent strips of an 
optical material that can be used, according to the present invention, to allow 
30 simultaneous imaging with the MA of different depths within an object or heights on 
an object; 
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Figure 19 is a schematic depiction of epi-illumination of an object using 
lightguides, according to the present invention; 

Figure 20 is a schematic depiction of a composite refractive plate of the 
present invention. 

5 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
Early techniques for scanning slides of pathological specimens relied on a 
single microscope objective and were frustrated by the time required to repetitively 
image at high magnification small portions of the specimen and step across the entire 
10 surface of the specimen. These systems were further frustrated by slow data transfer 
rates available at the time. For example, typical video frame transfer rates were 
approximately 6 MHz whereas presently digital data bus transfer data at rates near 
100 MHz. 

Meanwhile the MA of the present invention alleviates these problems. Images 

15 of an entire specimen can be acquired in a reasonable time frame. The pathologist 
can, if desired, inspect the entire specimen, and reexamine suspect areas of the 
specimen. With the near 100 MHz transfer rates available on present computers, it is 
possible to collect and concatenate images from the entire specimen and produce 
monochromatic and polychromatic images of the pathological specimen within 

20 seconds. Further, with the MA of the present invention, reexamination of suspect 
areas can occur at different focal planes from the original scan and can even give the 
pathologist a reconstructed three-dimensional view of the suspect area. The digital 
images of the specimen can be viewed locally or transmitted over a 
telecommunications system, such as for example the Internet. 

25 As previously noted, the MA of the present invention includes an array of 

miniaturized microscopes such that the MA is configured to scan an entire 
microscope slide containing an object (i.e., the pathological specimen). Referring now 
to the drawings, wherein like reference numerals designate identical or corresponding 
parts throughout the several views, Figure 1 A shows a schematic of an individual 

30 miniaturized microscope 10. Each microscope 10 includes a plurality of optical 

elements such as for example an objective lens 12 adjacent to a cover plate 14 and at 

9 
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least one refractive plate 16, and includes an image sensor 18. The optical elements 
include for example lenses, collimators, spreading optics, and other focussing 
elements configured to configured to image respective sections of an object and to 
produce an image of a respective section of the object at a corresponding image plane 
5 A specimen (i.e., the object to be imaged) is located beneath the cover plate 14. 
Qualitatively, the use of multiple refractive plates 16 increases the field of view and 
improves image quality of each microscope 10, In addition, the objective lens 12 and 
at least one additional optical element (i.e. the at least one refractive plate 16) 
function together as one optical system, designed to control aberrations. This 

1 0 combinational approach differs from an approach in which one individual lens 

element, such as for example a biaspherical objective lens such as the one disclosed 
by J. M. Sasian et al., Applied Optics 38, pp. 1 163- 1 168 (1999), the entire contents 
of which are incorporated herein by reference, is designed to exhibit minimal 
aberrations. Further, multiple lens elements in a miniature microscope allow 

1 5 correction to various aberrations in the microscope and add flexibility to the 
manufacturability and cost of the optical system. 

For example, a relatively low-cost spherical lens (derived from a ball lens) can 
be combined with an aspheric-surface lithographically-patterned corrective optic to 
achieve the same spherical aberration correction as would be achieved in a more 

20 expensive and exacting hyperboloidal lens such as the biaspherical objective lens of 
Sasian et al. 

While an increased number of optical components can increase the field of 
view and improve image quality and can alleviate the cost and exacting precision 
required for the manufacture of single hyperboloidal lens, there is an upper limit to 

25 the number of optical components to be utilized in each microscope. The upper limit 
is dictated by the practicality of accurately assembling multiple plates and lenses. The 
combination of a glass lens (e.g., a plano-convex glass lens as the objective lens) and 
three refractive lens plates, shown in Figure 1A, represents a suitable combination of 
manufacturable, relatively low-cost components yielding near diffraction-limited 

30 performance. 



10 
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i 

In one embodiment of the present invention, the objective lens 12 is held by a 
base plate 20 which can be a silicon substrate, a glass substrate, a poly- 
methylmethacrylate) (PMMA) substrate, or a polymer substrate. The objective lens 
held in the base plate can be made from a Nippon Sheet Glass (NSG) gradient index 
5 (GRIN) glass or and GRADIUM® glass. The GRIN and GRADIUM® glasses having 
spatially varying indices of refraction add more design flexibility to the 
characteristics of the objective lens 12. Trans-illumination of the object along the 
field of view or epi-illumination peripheral to the field of view along the base plate 20 
illuminates the object for each miniaturized microscope. As shown in Figure 1A, a 

10 micro-optical table 22 (MOT) serves as support for each microscope. The MOT 22 
supports the base plate 20, the at least one refractive plates 16, and the image sensor 
18. According to the present invention, a silicon substrate can be utilized as the base 
plate 20. Optical elements such as for example lenses, fiber optics, mirrors, and 
detectors can be mounted on the base plate 20. 

15 Figures IB and 1C are schematic depictions of one embodiment of the present 

invention whereby a silicon spring 24 holds in place an arbitrary optical element 26 
such one of the refractive plates 16. A slot, as shown in Figure IB, is fabricated into 
the MOT 22 and provides clearance to one side of the slot such that the optical 
element 26 can enter the slot, as shown in Figure 1C, be slid across the slot, and be 

20 located by indentations 25a in the slot and protrusions 25b on the optical component 
26 engage to precisely locate the optical component in the slot. Lithographic 
techniques are used to define the precise positions of the slots, the indentations 25a 
and the protrusions 25b. Spring tension by the silicon clip holds the optical 
component 26 in the slot. Once the optical component is located optical cement can 

25 be used to adhere the optical component to the MOT substrate. The design and use of 
silicon springs to position and hold optical elements is disclosed by M.R. Descour, et 
al., in "Toward the development of miniaturized imaging systems for detection of 
pre-cancer," IEEE Journal of Quantum Electronics, vol. 38, No. 2, pp. 122-130 
(February 2002), the entire contents of which are incorporated herein by reference. 

30 Figure 2 is a schematic depiction of a linear array of 13 microscopes attached 

with individual micro-optical tables 22 to a composite base plate 20. The image 

11 
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sensors 18 are positioned at an image plane of individual microscope objectives. 
However, the present invention is not limited to situations in which all of the image 
sensors are in the same plane but can include situations where some of the sensors are 
offset from the image plane. The linear anray of microscopes depicted in Figure 2 can 
5 scan along the entire width of the microscope slide 28 to acquire images of the object 
on the microscope slide 28. The MA of the present invention is a zero-alignment 
optical system. In practice, zero-alignment can be achieved when assembly errors are 
smaller than the tolerances required for optical performance of the miniature 
microscope array. For example, assembly and lithography errors in the above-noted 

10 method for assembly of the MA using the silicon springs are small enough to expect 
an optical-element alignment accuracy of ±3 \xm in translation and ±0.5 mrad in 
rotation for a singular microscope optical element. 

Figure 3 is a schematic of an optical design layout for a single miniaturized 
microscope. In this design, each microscope has a FOV of 250 (im in diameter, a 

1 5 numerical aperture (NA) of NA = 0.4, and a transverse magnification of m = -4. The 
optical design was facilitated with optical-design software such as for example 
ZEMAX®. Table 1 discloses the optical design of the NA = 0.4 microscope objective 
shown in Figure 3. 



2nd 4th 
order order 



Surface 


Radius of 
Curvature 
(mm) 


Thickness 
(mm) 


Glass 
Type 


Diameter 
(mm) 


Conic 
Constant 


OBJ 


Infinity 


0.170 


BK7 


0.200 


0.00 


1 


Infinity 


0.130 




0.298 


0.00 


2 


Infinity 


0.500 


SF59 


0.419 


0.00 


3 


-1.056 


0.717 




0.619 


0.00 


4 


1.789 


0.050 


BK7 


0.846 


-0.91 


5 


Infinity 


0.100 


BK7 


0.846 


0.00 


6 


Infinity 


0.500 




0.847 


0.00 


STO 


2.012 


0.050 


BK7 


0.891 


0.00 


8 


Infinity 


0.100 


BK7 


0.891 


0.00 


9 


Infinity 


0.500 




0.901 


0.00 


10 


Infinity 


0.050 


BK7 


0.978 


0.00 


11 


Infinity 


0.100 


BK7 


0.978 


0.00 


12 


Infinity 


4.183 




0.976 


0.00 


IMA 


Infinity 






0.801 


0.00 



(mm* 1 ) (mm 3 ) 



0.239 -0.125 



12 



BNSDOCID: <WO_02075370A2J_> 



r 

WO 02/075370 PCT/US02/08286 



Table 1. 

The optical properties of the hybrid sol-gel material, e.g., the index of refraction, 
closely approximate those of Schott Glass crown glass BK7, as disclosed in the 
Schott Glass Catalog, Schott Glass Technologies Inc., Duryea, Pennsylvania 18642. 
5 In Table 1 , the hybrid sol-gel material lenslets are therefore modeled as though made 
from BK7 glass. The aspheric lenslet elements are patterned on a cover-glass 
substrate of 150 jam thickness. The optical properties of the cover glass substrate, 
e.g., the index of refraction, approximate those of crown glass BK7. In Table 1, the 
♦ cover-glass substrates are therefore modeled as though made from BK7 glass. 

10 As shown in Figure 3, the single microscope is designed for imaging slides 

with a 170-jim thick cover-glass plate 14 and a 130-|im air gap between the cover 
plate 14 and the objective lens 12. The single microscope combines a conventional 
optical element, i.e., a plano-convex glass lens, as the objective lens 12 and three 
lithographic lens elements as the refractive plates 16 to achieve a near diffraction- 

1 5 limited performance without sacrificing simplicity and low cost. An optical system is 
diffraction-limited when the aberrations in the image have been reduced to a 
negligible level. In the context of imaging, the term diffraction-limited refers to the 
condition that the spatial resolution of the optical system is only limited 
fundamentally by the wave nature of light and not by any imperfections in the optical 

20 system design. Diffraction-limited performance is the best achievable performance in 
an optical system. 

Figure 4 shows the theoretical image-plane spot diameter for the microscope 
layout 15 shown in Figure 3. The spot diagrams also shown in Figure 4 indicate the 
effect of aberrations compared to the size of a so-called Airy disc. The size of the 
25 Airy disc is determined by diffraction and optical-system parameters such the 
numerical aperture NA and operating wavelength only. When spot diagrams are 
smaller than the Airy disc or comparable in size to the Airy disc, the associated 
optical system is diffraction limited or nearly diffraction limited, respectively. The 
diffraction limited spot diameter for the layout design in Figure 3 is approximately 8 
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jam, as illustrated by the relative size of a diffraction-limited Airy disc. An image- 
plane spot diameter of 8 fim can be accommodated within the size of a single image- 
sensor 18 detector element assuming a detector element in the sensor 18 to be a 10 
\xm by 10 jxm square detector element. Further, an 8 Jim image-plane spot diameter 
5 corresponds to a 2 jim diameter spot on the microscope slide since the transverse 
magnification is m = -4. Considering possible alignment errors and scattering within 
the miniature microscope element, a point-to-point resolution of approximately 1.5 
jim with the microscope design shown in Figure 3 can be expected. While the 
numerical aperture of the microscope-objective optical design shown in Figure 3 is 

10 targeted at a value of NA = 0.4, according to one aspect of the present invention, the 
objective lens and a refractive plate define a dry imaging system with a numerical 
aperture within a range from NA = 0.05 to NA < 1 .0. According to another aspect of 
the present invention, the objective lens and the refractive plate define an immersion 
imaging system with a numerical aperture within a range from NA = 0.05 to NA = 

1 5 0.95n where n is the index of refraction of the immersion medium. These ranges are 
defined in practice by the index of refraction of the objective lens and refractive plate 
materials. While materials with conventional optical properties are utilized herein by 
way of examples, the present invention is not limited to the application of current 
materials but can also include materials with higher refractive indices which would 

20 extend the numerical aperture of the MA to higher values. 

When a miniature microscope is designed to operate at multiple wavelengths, 
variation of the index of refraction with wavelength (i.e. dispersion) in the constituent 
optical elements must be accounted for. Failure to account for variations in the index 
of refraction leads to chromatic aberrations in which the performance of the optical 

25 system is different at different wavelengths, leading for example to a color-dependent 
blurring of the image. A solution to chromatic aberrations is to combine glasses of 
different dispersions (quantified for example by the Abbe number) in order to cause 
light of two different wavelengths to focus at the same image plane (e.g., an 
achromatic design) or to cause light at three different wavelengths to focus at the 

30 same image plane (e.g., an apochromatic design). When a wide variety of glasses 
with different dispersions is not available, chromatic aberrations can be reduced by 
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using a corrective optical element with a diffractive surface. A diffractive surface is 
highly dispersive and, when correctly designed, can compensate for the inherent 
dispersion of a lens material such as for example a lens made with a hybrid sol-gel 
material using a sol-gel process. An optical design program such as for example 
5 ZEMAX® enables one to design diffractive elements and to introduce diffractive 
elements into a compound-lens design. The use of diffractive surfaces on camera 
lenses to correct chromatic aberrations is described by M. Schaub in U.S. Pat. 
6,040,943, the entire contents of which are herein incorporated by reference. 

The number of miniaturized microscopes needed to cover the entire width of a 

10 microscope slide depends on the ratio of microscope-slide width (e.g., a microscope 
slide width of 20 mm) to the FOV diameter of each microscope element. A smaller 
ratio requires fewer microscopes in the array. For the existing NA = 0.4 design (as 
utilized in the single miniaturized element of Figure 1 A and the layout design of 
Figure 3), the non-overlapping FOV for each microscope is 200 (am in diameter. As a 

15 result, in this example, approximately 100 miniature microscopes are needed to image 
a microscope slide with a width of 20 mm. 

The design depicted in Figure 5A shows a completed MA array 30 with a 
spacing between adjacent microscopes of 1.78 mm. This spacing determines the 
number of microscopes that can be arranged across the width of the microscope slide. 

20 This spacing as compared to the FOV diameter determines the number of microscope 
rows needed to form a composite field of view which equals the microscope-slide 
width. Based on these considerations, the MA can be arranged as depicted in Figure 
5B in a rectangular fashion with staggered rows. An object on a standard 20 mm by 
50 mm microscope slide area can be imaged, according to the present invention, by 

25 an array of 99 microscopes organized in 9 rows of 1 1 microscope in each row (see 
Figure 5B). In such an* arrangement, the overall size of the completed MA 30 is 7.25 
mm high, 16.9 mm long (i.e., in the direction along the length of the microscope slide 
28) and 23.1 mm wide (i.e. in the direction across the width of the microscope slide 
28). 

30 The MA 30, as shown in Figure 5 A, scans via a scan motor 33A 

longitudinally across the slide 28 imaging the object on the microscope slide 28. 
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Alternatively, the scan 33 A motor could move the slide 28 under a stationary MA. A 
light source 29 transilluminates or epi-illuminates the object on the slide. For 
transillumination, the object can be illuminated by means of an array of light emitting 
diodes (LEDs). A diffusing surface can be placed between the LEDs and the object 
5 to improve the uniformity of illumination and to fill the numerical aperture of the 
microscopes. The diffusing surface can be opal glass. For epi-illumination, light can 
be transmitted to the object by fiber optic guides or slab waveguides on the base plate 
20 holding the objective lens 12. 

Figure 6 is a schematic depicting a composite layout of the fields of view for 

10 the 99 microscopes in the completed MA 30. Each field of view in Figure 6 measures 
250 \xm in diameter and the horizontal spacing between adjacent fields of view is 1.78 
mm. Scanning of the microscope slide beneath the MA results in a composite field of 
view across the entire width of the microscope slide. 

Figure 7A is a schematic depicting a composite section of the microscope 

15 slide across the width of the microscope slide (i.e. orthogonal to the scan direction). 
The composite section includes the complete set of individual microscopes' fields of 
view. Figure 7B shows a magnified section of the composite section. The 
microscopes 10 in the array 30 are spaced horizontally so as to produce a 50 
overlap between adjacent microscopes' fields of view. The overlap can be adjusted, 

20 according to the present invention, by changing the center-to-center spacing between 
microscopes on the same row. Thus, a computer 32 (i.e. a concatenating device) 
concatenates a composite image of the specimen by registering in memory where all 
the images have been taken relative to a starting position and registering which 
microscope element in the array acquired the image. Once the MA scans the entire 

25 object, then the individual digital images can be concatenated by realizing where on 
the object each picture in memory was derived. By assembling the registered images 
in an ordered matrix representative of the position at which the images were taken, a 
composite image is generated. The computer controls a scan motor 33A and a height- 
adjustment motor 33B to coordinate the scanning process and to focus on a desired 

30 depth within or height on the object, respectively. 
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Control of distortion in every image is important for accurate concatenation of 
the recorded images into a composite image. Control of field-independent spherical- 
aberration types and field-dependent comatic aberration types and astigmatic 
aberration types in the MA of the present invention is important to maintain high 
5 resolution across each recorded image. Field-dependent aberrations result for 

example in the center of an image being characterized by superior contrast than the 
periphery of the image. For concatenation of images along the row in Figure 7B, 
field-dependent aberrations deteriorate the concatenated image quality. Further, any 
inaccuracies in spacing between optical axes of the array of microscopes may 
10 likewise deteriorate the composite image quality. 

In a preferred embodiment of the present invention, the refractive plates 16 
are fabricated as a composite refractive plate 34 as shown in Figure 8 which includes 
an array of printed optical elements 34a. The refractive plates can be lithographically 
printed, embossed, molded, or laser-printed with the optical elements such as for 
15 example lenslets, aspherical lenses, diffractive components, cubic phase plates. 

Further, the composite refractive plates 34 are stacked above a composite base plate 
36 as shown in Figure 9. The composite base plate 36 includes an array of embedded 
optical elements, such as for example the plano-convex objective lenses 12 depicted 
in Figures 3 and 5. The stacked set as shown in Figure 9 is aligned with the optical 
20 elements 35 and the objective lenses 12 directly above each other. Also shown in 
Figure 9 as the image sensor is a linear photodetector array located in an image plane 
of the MA. Scanning of the MA across the sample forms line-by-line images of the 
object which are concatenated into a composite image of the object. The linear 
photodetector array 35 can include multiple linear photodetector arrays. Figure 17 
25 presents photodetector configurations that can each be used in the image plane of the 
MA. Image sensor 1701 includes a staggered array of two-dimensional (2D) 
photodetector arrays 1702. Figure 1 7 shows a magnified segment 1703 of a 2D 
photodetector array 1702. Each 2D photodetector array 1702 includes a rectangular 
array of pixels 1704. Each pixel 1704 includes a photosensitive region 1705. 
30 Alternatively, image sensor 1706 includes a staggered array of one-dimensional (ID) 
photodetector arrays 1707. Figure 17 shows a magnified view 1708 of a ID 
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photodetector array 1707. Each ID photodetector array 1707 includes pixels. There 
may be, for example, 512 pixels in each ID photodetector array 1707. Each pixel 
contains a photosensitive region 1709. Alternatively, image sensor 1710 includes a 
staggered array of groups of ID linear photodetector arrays 1711. Figure 17 shows a 
5 magnified view 1712 of a group of ID linear photodetector arrays 1711. Each ID 
photodetector array 1714, 1715, and 1716 includes pixels. Each pixel contains a 
photosensitive region 1713. In the case of image sensor 1710, the ID photodetector 
arrays 1714, 1715, and 1716 may each be covered by a different spectral filter, e.g, 
1714 is covered with a filter that transmits red (R) light, 1715 is covered with a filter 

1 0 that transmits green (G) light, and 1716 is covered with a filter that transmits blue (B) 
light, such that scanning of the MA across the sample forms line-by-line images of 
the object which are concatenated into a composite color, e.g, R-G-B, image of the 
object. The center wavelengths of the red filter covering 1714, the green filter 1715, 
and the blue filter covering 1716 may be 635 nm, 532 nm, and 430 nm, respectively. 

1 5 Other filter center wavelengths, filter spectral bandwidths, and filter configurations 
are possible. The ID photodetector arrays 1714, 1715, and 1716 may also exhibit 
different pixel-to-pixel spacing. The choice of the pixel-to-pixel spacing associated 
with 1714, 1715, and 1716 is dictated by the choice of the spectral filter on each of 
these ID photodetector arrays and a miniature microscope objective's lateral 

20 chromatic aberration (LCA) associated with each filter's center wavelength. By 

adjusting the pixel-to-pixel spacing associated with 1714, 1715, and 1716, variation 
with wavelength of transverse magnification may be minimized, reducing the need to 
process collected image data after the image data are detected by the image sensor. 
Alternatively, image sensor 1717 includes a staggered array of groups of ID 

25 photodetector arrays 1718. Figure 17 shows a magnified view 1719 of a group of ID 
photodetector arrays 1718. In this configuration, the image of the object is swept 
over the group of ID photodetector arrays 1718 in a direction perpendicular to the 
photodetector rows 1721, 1722, 1723, 1724, 1725, 1726, 1727, 1728, and 1729. The 
charge built up at each pixel is moved along each photodetector column at the same 

30 rate as the image. This method of reading out signal is known as time-delay-and- 
integration (TDI) mode. In the case of TDI, the noise variance and the charge grow 
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linearly with the number of rows in the group of ID photodetector arrays 1718. 
Consequently, the signal-to-noise (SNR) ratio is improved relative to a single ID 
photodetector array by the square root of the number of rows in 1718. The effects of 
fixed pattern noise are also diminished by averaging over each photodetector column, 
5 similar to that described in G.H. Rieke, "Detection of Light: From the Ultraviolet to 
the Submillimeter", Ch. 7 (Cambridge University Press, 1994; ISBN: 0 521 57674 1) 
and R.G. Driggers, et al., "Introduction to Infrared and Electro-Optical Systems", Ch. 
8 (Artech House, 1999; ISBN 0-89006-470-9), the entire contents of which are 
incorporated herein by reference. 

1 0 Image sensor 1701 is well matched to the case in which the MA moves along 

a longitudinal direction of a glass slide, or vice versa, and stops momentarily and 
repeatedly to acquire two-dimensional images of portions of the object. Image 
sensors 1706, 1710, and 1717 are well matched to the case in which the MA moves 
along a longitudinal direction of a glass slide, or vice versa, without halting and at a 

1 5 constant velocity while the image sensors 1706, 1710, and 171 7 record line-by-line 
images of the object. 

In another embodiment, the image sensor 1710 is configured in a staircase 
configuration, to permit simultaneous imaging of object features at different depths in 
the object or at different heights on the object. Figure 18 shows the preferred 

20 embodiment of this method. In this case, an image sensor such as image sensor 1710 
is covered with a mask that includes a plurality of transparent strips 1801 of an 
optical material. Each transparent strip is oriented parallel and coincident with a ID 
photodetector array, e.g., 1805. The ID photodetector arrays associated with each 
thickness 1802, 1803, or no thickness are separated by a spacing 1804. The spacing 

25 1804 is bounded above by the requirement that each ID photodetector array span the 
entire cross-scan width of the associated microscope objective's field of view. The 
spacing 1804 is bounded below by the need to avoid cross-talk between the images 
recorded at each of the ID photodetector arrays 1805. That is, the light converging to 
form an image at any ID photodetector array 1805 should pass entirely only through 

30 one thickness of the transparent strip. The thicknesses 1802 and 1803 of a strip 1801 
are determined by the depths from which a focused image is to be formed on the 
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corresponding ID photodetector arrays 1805. The number of different transparent- 
strip 1801 thicknesses, e.g., 1802 and 1803, is determined by the number of depths 
within the object that are to be imaged simultaneously by an MA. For example, the 
configuration shown in Figure 18 would allow simultaneous imaging of three 
5 different depths within the object. The image sensor 1717, when combined with an 
appropriate transparent-strip mask, could allow simultaneous imaging of up to nine 
different depths within the object. 

In another preferred embodiment, a height adjustment motor 33B, shown in 
Figure 5A, permits setting of the MA array 30 to different heights, providing a 

1 0 focusing effect and/or producing images at different focal planes of the object (i.e. of 
the specimen). Digitally, a reconstructed digital image can be produced via a 
computer 32. The computer utilizes processing techniques to produce 
the reconstructed digital image which are similar to those in Adler et al. (U.S. Pat. 
No, 6,023,495) and George et al. (U.S. Pat. No, 6,175,655), the entire contents of 

1 5 both patents are herein incorporated by reference. 

In fabrication of the composite plates 34, the optical elements 35 are printed, 
according to the present invention, by lithographically printing, embossing, molding, 
or laser-printing. Printing of the optical elements 35 by lithography provides for 
accurate dimensioning of the array of optical elements on the plate 34. Printing of the 

20 optical elements 35 by laser printing also provides accurate dimensioning of the 
array of optical elements on the plate 34. Laser-printing in the present invention 
follows closely methods and techniques known in the field of laser printing such as 
for example techniques in Wyrowski and Turner, "Diffractive Optics for Industrial 
and Commercial Applications", John Wiley & Sons; ISBN: 3527401008, the entire 

25 contents of which are herein incorporated by reference. 

Printing of the optical elements 35 of the present invention utilizes hybrid sol- 
gel materials (i.e. hybrid sol-gel glasses or hybrid glasses). Recent developments in 
hybrid sol-gel materials permit the formation and patterning of thicker optical 
elements as compared to non-hybrid sol-gel materials. The sol-gel process can 

30 be considered as a method for producing glass and ceramic materials from metallo- 
organic precursors by low temperature polymerization reactions. H.K. Schmidt in 
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"Sol-gel and polymer photonic devices" SPIE Critical Review, vol. CR68, pp. 192- 
203, 1995, the entire contents of which are herein incorporated by reference, discloses 
sol gel processing as a tool for making diverse optical materials. Furthermore, M.R. 
Descour, et al., in "Toward the development of miniaturized imaging systems for 
5 detection of pre-cancer," IEEE Journal of Quantum Electronics, vol. 38, No. 2 
(February 2002), the entire contents of which are herein incorporated by reference, 
disclose the sol-gel method as a tool for making micro-optical elements such as 
lenslets. 

One obstacle for the application of sol-gel inorganic materials into many 

1 0 optical devices has been the maximum attainable crack-free sol-gel glass thickness. 
Increased thickness is a prerequisite for increasing the optical power of any 
lithographically fabricated optical element. Fabrication of components with 
thicknesses greater than 1 mm based on oxygen-metal-oxygen sol-gel materials (i.e. 
non-hybrid sol gels) normally requires iterative cycles of deposition, baking at 

15 temperatures around 1000°C, and dry etching. However, hybrid sol-gels have been 
recently developed which incorporate an organic groupings and reduce the 
connectivity of the sol-gel network, allowing thicker sol gel film deposition 
as compared to sol-gels which do not include the organic groupings. See for example 
U.S. Patent No. 5,871,558 and U.S. Patent No. 6,150,653, the entire contents of 

20 which are incorporated herein by reference. 

In the sol-gel technique of the present invention, optical elements on a 
refractive plate 16 or a composite refractive plate 34 are defined using ultraviolet 
(UV) light in a single lithography step. The sol-gel process disclosed by Assadi et al. 
in U.S. Patent No. 6,150,653 and Rantala et al. in "Direct patterning of thick hybrid 

25 glass film for micro-opto-mechanical structures," Electronics Letters, vol. 36, pp. 1-2, 
(2000), the entire contents of both references are incorporated herein by reference, 
are similar the process of the present invention. In one lithography step and using a 
grayscale photomask, a thick layer of hybrid sol-gel material is patterned with a 
diffractive, a reflective, or a refractive optical surface, or a combination thereof. In 

30 grayscale lithography, a spherical optical surface is as simple to fabricate as an 

arbitrary aspheric optical surface. To make a convex refractive lens, for instance, the 
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hybrid sol-gel material will be spin-coated to form a 100 (am thick film on 
borosilicate glass substrates. After spinning, the films will be prebaked at 95°C for 
10 minutes to decrease the amount of solvents in the film. The baking step reduces 
the effect of photomask adhesion to the film and also improves the adhesion of the 
5 film to the glass substrate. Ultraviolet (UV) exposure can be accomplished by using 
a mercury UV lamp at a wavelength of 365 nm and a grayscale photomask. 

The grayscale photomask is designed to impart to the film an arbitrary 
surface, subject only to the 100 |im limitation on the maximum depth. 
Lithographically fabricated optical elements can be characterized interferometrically 

1 0 to measure the accuracy of the surface figure and to determine the surface roughness. 
The accuracy of the surface figure determines the optical elements' first-order 
properties, e.g., the focal length, and the aberrations introduced by the optical 
elements. The surface roughness determines the fraction of light that is scattered by 
the optical elements, leading to reduced throughput and reduced contrast due to stray 

1 5 light. The scattering properties of the patterned hybrid sol-gel material can be 
further characterized in terms of a bi-directional scattering distribution function 
(BSDF). The BSDF determines the angular distribution of scattered light. The BSDF 
data can be used to increase the accuracy of modeling of the miniature microscopes 
and to improve the designs by controlling stray light. No etching of the patterned 

20 surface is necessary to create the optical structures of the present invention, thereby 
eliminating an expensive and time-consuming fabrication step. Alternatively, the 
optical elements 35 and the composite refractive plate 34 shown in Figure 8 can be 
fabricated, according to the present invention, by molding or embossing. 

Embossing techniques similar to those techniques disclosed by Choquette et 

25 al. in U.S. Patent No. 5,861,1 13, the entire contents of which are incorporated herein 
by reference, are suitable for the present invention. Molding techniques similar to 
those techniques disclosed by Yoshida et al. in U.S. Patent No. 6,105,395 or by 
Nomura et al. in U.S. Patent No. 5,976,425, the entire contents of both patents are 
incorporated herein by reference, are suitable for the present invention. In the 

30 lithographic and embossing techniques of the present invention, the 

composite refractive plate 34 or the composite base plate 36, as shown in Figure 9 is 
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embossed or lithographically printed at the grid positions of each microscope element 
with an appropriate optical element such as for example an objective lens or 
aspherical corrector. In the molding technique according to the present invention, a 
mold produces a composite refractive plate with the appropriate optical elements 
5 molded at the proper grid positions. In any of the lithographic, embossing, and 
molding techniques, the relative positions of the appropriate optical 
elements, according to the present invention, are controlled with a sub-micron 
accuracy. As shown in Figure 9, alignment of the stacked plates relative to each other 
defines the alignment of all the microscopes in the array. The materials of the 

1 0 composite refractive plate 34 or the composite base plate 36 can include silicon, 
glass, and polymers such as for example poly(methylmethacrylate) (PMMA). 

In another embodiment of the present invention, a high-numerical- 
aperture miniaturized microscope is utilized in the MA of the present invention. A 
high-numerical aperture is required for applications that require high-spatial 

15 resolution imaging. Performance of the MA of the present invention is enhanced by 
the use of a high-numerical-aperture, dry miniature microscope objective. Figure 10 
shows a design of a NA = 0.75 miniature microscope objective. The optical design of 
the NA = 0.75 miniature microscope objective is disclosed in Table 2. 

The NA = 0.75 miniature microscope objective has a field of view of 250 jam 

20 in diameter, identical to the miniature microscope objective shown in Figure 3. A 
working distance, measured from the top surface of a cover glass covering the object 
38 to the front surface of the objective lens 12, is 80 |im. The microscope objective 
depicted in Figure 10 operates at a 4X magnification (i.e., transverse magnification m 
= -4). The distance from the object plane to the image plane is 5.3 mm. The NA = 

25 0.75 miniature microscope objective shown in Figure 10 is designed for operation at a 
wavelength of 665 nm. Extension of the MA to operation at other wavelengths 
is accommodated by adjusting the optical-design parameters for the index of 
refraction of the objective lens 12 and the remaining optical elements 16 in Figure 10 
for the desired wavelength of operation. If the high-numerical-aperture MA of the 

30 present invention is to be used at different wavelengths, then the optical- 
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design parameters can be varied in an optical design program, such as for example 



ZEMAX®, to yield the best, diffraction-limited performance. 



Surface 


Radius of 
Curvature (mm) 


Thickness 
(mm) 


Glass 
Type 


Diameter 
(mm) 


Conic 
Constant 


4th order 
(mm 3 ) 


6th order 8th order 
(mm 5 ) (mm* 7 ) 


OBJ 


Infinity 


0.170 


BK7 


0.25 


0.00 






1 


Infinity 


0.080 




1.00 


0.00 






2 


Infinity 


0.837 


SF57 


1.20 


0.00 






3 


-0.543 


0.553 




1.20 


-1.04 






4 


-10.026 


0.100 


BK7 


1.22 


0.00 


1.352 


-1.824 1.237 


STO 


Infinity 


0.150 


BK7 


1.22 


0.00 






6 


Infinity 


0.800 




1.21 


0.00 




0.944 -4.054 


7 


0.96 


0.100 


BK7 


1.14 


.0.70 


-0.652 


8 


Infinity 


0.150 


BK7 


1.14 


0.00 






9 


Infinity 


0.800 




1.15 


0.00 




0.875 -1.203 


10 


-2.318 


0.010 


BK7 


1.22 


0.00 


0.410 


11 


Infinity 


0.150 


BK7 


1.22 


0.00 






12 


Infinity 


1.404 




1.20 


0.00 






IMA 


Infinity 






0.98 


0.00 






Table 2. Optical design of the NA 


= 0.75 miniature microscope objective shown in 



Figure 10. The optical design was prepared in ZEMAX® optical-design software. 



In the high-numerical-aperture MA embodiment of the present invention, a 
objective lens element 12 is a plano-aspheric lens. The objective lens is followed by 
three highly aspheric lens elements 16. In this embodiment, the objective lenses 12 
(e.g. a plano-convex optical element) are mounted in a composite base plate 36. The 
composite base plate includes circular apertures sized to hold the objective lenses 12. 
The objective lenses 12 are mounted in the composite base plate 36 and fixed in place 
using UV-cured optical cement. The three aspheric lens elements 16 are fabricated as 
arrays on stacked plates such as these stacked plates 34 shown in Figures 8 and 9. The 
maximum thickness of the patterned hybrid sol-gel material for each aspheric lens 
element is 100 |im. The optical properties of the hybrid sol-gel material, e.g., the 
index of refraction, closely approximate those of the Schott crown glass BK7. In 
Table 2, the hybrid sol-gel material lenslets are therefore modeled as though made 
from BK7 glass. The aspheric lens elements are patterned on a glass substrate of 1 50 
|im thickness. The optical properties of the glass substrate, e.g., the index of 
refraction, approximate those of crown glass BK7, as disclosed in the Schott Glass 
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Catalog. In Table 2, the glass substrates are therefore modeled as though made from 
BK7 glass. The MA can be assembled similarly to a conventional microscope 
objective. J.R. Benford, in "Microscope Objectives," Ch. 4 in Applied Optics and 
Optical Engineering, vol. Ill, ed. R. Kingslake (Academic Press, 1965), the entire 
5 contents of which are herein incorporated by reference, discloses such an assembly 
procedure. Figure 13 shows the cross-section of a mount design compatible with the 
MA. The composite base plate 1301 is encased in a cell mount 1302. Mounted 
within the composite base plate 1301 is an array of plano-convex glass objective 
lenses 1300. The objective lenses 1300 are mounted in circular apertures etched in 

10 the composite base plate 1301. The objective lenses 1300 are held in place in the 
base plate 1301 using UV-cured optical cement. All composite plates are circular in 
shape as shown in Figure 14. Each composite refractive plate 1403 is patterned with 
a staggered array of lenslets 1402 and alignment features 1401. The schematic 
depiction in Figure 14 also applies to the composite base plate. In that case, the 

15 composite base plate holds a staggered array of plano-convex objective lenses 1402. 
The composite base plate is also marked with alignment features 1401. The 
composite base plate is fixed in the cell mount using an adhesive. The composite 
refractive plates 1303, 1304, and 1305 are mounted in a common cell. The distance 
between composite refractive plates 1303 and 1304 is adjusted using a spacer 1307 

20 and a threaded retaining ring 1308. The distance between composite refractive plates 
1304 and 1305 is adjusted using an opaque plate with stop apertures 1306, a spacer 
1309 and a threaded retaining ring 1310. The opaque plate with stop apertures 1306 
is shown in Figure 15. The circular stop-aperture plate 1503 is opaque everywhere 
except within an array of stop apertures 1502 and except within alignment features 

25 1501. Where opaque, the stop-aperture plate 1503 is preferably coated with an 

opaque coating such as flat black paint or is anodized. The stop-aperture plate 1503 
can be made in a thin sheet of aluminum or another opaque material. The thickness 
of the stop aperture plate 1503 should be minimized. The circular apertures 1502 and 
the alignment features 1501 can be formed by laser cutting. Threaded retaining ring 

30 1311 is used to hold lens plate 1305 in position. The cell 1302 and the cell 1307 are 
mounted inside a sleeve 1313. The distance between cell 1302 and cell 1307 is 

25 
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adjusted using a ring-shaped spacer 1308. Cell 1307 can be translated laterally 
relative to cell 1302 by means of centering screws 1314 threaded into the sleeve 
1313. Three centering screws 1314 distributed in equal angular increments around 
the perimeter of the sleeve 1313 may be used. 

5 Using the alignment features 1401 on composite refractive plates 1303, 1304, 

and 1305, and alignment features 1501 on the stop-aperture plate 1306, the lenslets 
1402 on each of these plates and the stop apertures 1502 can be aligned by rotation 
within the cell 1307. The cell 1307 can be aligned relative to the composite base 
plate 1301 by rotation within the sleeve 1313. Adjusting the spacing between the 

10 composite base plate 1301 and composite refractive plates 1303, 1304, and 1305 
during assembly by changing the thickness of spacers 1307, 1308, and 1309 can be 
used to control spherical aberration in each miniature microscope in the MA. 
Adjusting the lateral position of cell 1307 relative to cell 1302 by means of set screws 
1314 can be used to control coma in each miniature microscope in the MA. 

1 5 Alignment of the miniature objectives can be tested according to methods 

such as the star test described by J.R. Benford (see reference above), as will be 
understood by a person of ordinary skill in the art. The star test can be used to 
determine whether optimal spacers 1307, 1308, and 1309 have been selected to 
minimize spherical aberration. The star test can be used also to determine whether 

20 the composite refractive plates 1303, 1304, and 1305 have been optimally translated 
relative to the composite base plate 1301 to minimize coma. Other methods for 
evaluating and improving the alignment of the MA optics are disclosed by D. 
Malacara in "Optical Shop Testing", 2 nd Edition (Wiley, 1992), the entire contents of 
which are incorporated herein by reference. 

25 Other methods of positioning the composite base plate 1301 relative to the 

composite refractive plate 1303 relative to the composite refractive plate 1304 
relative to the composite refractive plate 1305 are possible. 

The high-numerical aperture design shown in Figure 10 can, according to the 
present invention, be altered by modifying the objective lens 12. As an alternative to 

30 the plano-convex shape of the objective lens 12 shown in Figure 12, the objective 
lens 12 may be of a concave-convex shape or a convex-convex shape. Table 3 

26 
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discloses an optical design for a NA = 0.75 miniature microscope objective design in 
which the objective lens 12 is of a concave-convex shape. Table 4 discloses an 
optical design for a NA = 0.75 miniature microscope objective design in which the 
objective lens 12 is of a biconvex shape. 
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The numerical aperture of the MA optical designs can be increased beyond 
NA = 0.75. As is well understood in the art, increasing NA further can be achieved 
through modifying in an optical-design program, such as ZEMAX®, system 
parameters including optical surfaces as determined for example by the radius of 

5 curvature, the conic constant and aspheric coefficients, thicknesses of optical 
elements, the separations between optical elements, the image distance, optical- 
element materials, and the number of optical elements. The maximum achievable 
numerical aperture will be also determined by manufacturing and assembly 
tolerances. However, for a dry microscope objective design the numerical aperture is 

10 limited to NA < 1.0. 

For immersion microscope objectives, the numerical aperture cannot exceed 
the index-of-refraction of the immersion medium. As is well understood in the art, 
large-NA immersion microscope objectives can be designed in an optical-design 
program such as ZEMAX® by filling the space between the cover glass and the front 

1 5 lens of the microscope objective with the immersion medium and modifying system 
parameters including surface figure of optical surfaces as determined for example by 
the radius of curvature, the conic constant and aspheric coefficients, thicknesses of 
optical elements, the separations between optical elements, the image distance, the 
optical-element materials, and the number of optical elements. The maximum 

20 achievable numerical aperture will be also determined by manufacturing and 
assembly tolerances. 

Further, auto-focus techniques can be utilized in the MA of the present 
invention. In conventional microscopes, focus techniques have relied on motion of an 
entire lens relative to the object under inspection or motion of a lens element within a 

25 compound lens. In the context of the MA of the present invention, auto-focusing 
could utilize a refractive plate 16 made from a material with an electrically 
controllable index of refraction such as for example liquid-crystal (LC) or 
photorefractive materials. The degree of defocus could be determined directly from 
the imaged. US Pat No. 6,341,180, the entire contents of which are incorporated 

30 herein by reference, is an example of an image-based autofocus technique applicable 
to the present invention. 
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Figure 20 shows a composite refractive plate 2003 that includes an array of 
electrically controllable refractive elements 2002. The fabrication of such electrically 
controllable refractive elements 2002 using liquid-crystal materials is described by 
D.W. Berreman in U.S. Pat. 4,190,330 or E. Tajima in U.S. Pat. 6,191,881. By using 
5 circular, transparent electrodes 2004 as schematically depicted in Figure 20, a 
positive or a negative refractive element can be enabled by the application of an 
electric or a magnetic field across the composite refractive plate. By applying an 
electric field across the refractive plate, the optical properties of all refractive 
elements 2002 may be changed in the same manner. Alternatively, by regulating the 

10 electric field applied to each refractive element 2002 and the associated electrodes 
2004, each microscope objective can be individually focused independently of the 
focus setting of all other microscope objectives in the array. The composite refractive 
plate 2003 can be used to replace the composite refractive plate 1304 during assembly 
of the MA and aligned with the remaining composite plates using alignment features 

15 2001. Using the NA = 0.4 microscope objective design of Table 1 as an example, 
each electrically controllable refractive element 2002 should be adjusted to have an 
effective focal length off e = -152 mm in order for each microscope objective in the 
array to form an in-focus image of a depth within the object of 1 0 fim beneath the 
cover glass. Furthermore, using the NA = 0.4 microscope objective design of Table 1 

20 as an example, each electrically controllable refractive element 2002 should be 

adjusted to have an effective focal length off e = -76 mm in order for each microscope 
objective in the array to form an in-focus image of a depth within the object of 20 \im 
beneath the cover glass. In order to focus on other depths within the object beneath 
the cover glass, each electrically controllable refractive element 2002 should be 

25 adjusted to an effective focal length as may be determined by using an optical-design 
program such as ZEMAX® and by applying the appropriate voltage to each circular, 
transparent zone 2004. 

Alternatively, the degree of defocus could be determined by a separate optical 
system that implements, for example, the astigmatic method described by M. 

30 Mansuripur in "The Physical Principles of Magneto-Optical Recording", Ch. 8, 
Section 3, pp. 264-277 (Cambridge University Press, 1995), the entire contents of 
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which are herein incorporated by reference, or a ring-toric-lens method described by 
M.R. Descour, et al., in "A ring-toric lens for focus-error sensing in optical data 
storage," Applied Optics, vol. 38, No. 8, pp. 1388-1392 (March 10, 1999), the entire 
contents of which are herein incorporated by reference. A correction signal based on 
5 the imaged data or derived from the separate optical system(s) could be applied to 
electrically control the index of refraction to maintain the best focus. 

Additionally, according to the present invention, a composite refractive plate 
34 could include an array of cubic-phase-plate optical elements. Figure 16 shows a 
schematic depiction of such an MA embodiment. The composite refractive plate 
10 1601 is patterned on one side with an array of convex aspheric lenslets 1602. On the 
other side, the refractive plate 1601 is patterned with an array of cubic phase plates 
1603. In this embodiment, the cubic phase plates 1603 are co-located with the stop 
apertures 1604 and as depicted in Figure 15. A cubic phase plate optical element is a 
device that enables the extension of an optical system's depth of field. In the present 
1 5 invention, the composite refractive plate including the cubic-phase-plate optical 
elements causes a blur within each miniature microscope that is independent of an 
object's axial position. However, the images recorded by the computer 32 would 
process the digital data to remove the position-independent blur. As a result of the 
computer processing, an image from an object having a highly contoured surface or a 
20 thick object will appear everywhere in focus. Such techniques utilizing a cubic phase 
plate device and methods for processing the data so obtained are disclosed in U.S. 
Patent Nos. 5,748,371, 6,069,738, and 6,201,899, the entire contents of which are 
incorporated herein by reference. 

Figure 19 shows how epi-illumination of the object can be achieved using 
25 lightguides. If the composite base plate 1901 is opaque, then the configuration 1906 
is preferred. In that case, the lightguides 1903 can be positioned within the composite 
base plate 1901 so that the bottom surfaces of the lightguides 1903 are flush with the 
bottom surface of the composite base plate 1901. If the composite base plate 1901 is 
light-transmitting, then the configuration 1907 is preferred. In that case, the 
30 lightguides can be positioned between the composite base plate 1901 and composite 
refractive plate 1908. Light emitting diodes (LEDs) 1905 arranged along a bar 1904 
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can be used to illuminate the lightguides 1903. The surfaces of the lightguides can be 
designed to scatter light from within each lightguide 1903 and downward towards the 
object. The design of the lightguides and lightguide surfaces to achieve a desired 
scattering of light from within the lightguide is described by Kawai, et al., in U.S: Pat. 
5 5,499,1 12. Light exits from the lightguide with a relative large divergence angle to 
ensure that the entire object is illuminated. To improve efficiency of such an epi- 
illumination system, a lens 1905 may be used to couple light from each LED into the 
corresponding lightguide 1903. 

Another embodiment of the present invention is shown in Figure 1 1 . The 

1 0 method depicted in Figure 1 1, in general, includes the steps of imaging respective 
sections of an object with a plurality of optical elements and capturing corresponding 
representations of sections of the object from a plurality of image sensors. More 
specifically, Figure 1 1 depicts that at step 100, sections of an object are imaged with 
an array of microscopes by producing a relative scanning motion between the array 

1 5 of microscopes and the object so that the array of microscopes scans the object 

longitudinally and generates an composite image signal corresponding to images from 
each microscope. At step 110, light is collected from a section of the object with 
an objective lens. Further, at step 120, light from the objective lens is focused with at 
least one refractive plate (i.e. a refractive member) adjacent to the objective lens such 

20 that the objective lens and the at least one refractive plate in tandem form an image 
from the section of the object and correct optical aberrations in the image from the 
section of the object. At step 130, the plurality of images are captured with at least 
one an image sensor located in an image plane of the microscope array. At step 140, 
the plurality of images is concatenated into a composite image. 

25 The step of imaging at step 100 can include dry imaging with a numerical 

aperture ranging from NA = 0.05 to NA < 1 .0, immersion imaging with a numerical 
aperture ranging from NA = 0.05 to NA = 0.95*, where n is the index of refraction of 
the immersion medium, imaging with a cubic phase plate located at a pupil plane to 
focus an object with a height variation beyond a depth of field of any of the 

30 microscopes or an object with a thickness greater than the depth of field of any of the 
microscopes, imaging with a composite refractive plate having an electronically 
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controlled refractive index to permit dynamic focusing of the microscopes, imaging 
with a linear photodetector array located in an image plane of the microscope array 
such that scanning of the microscope array across the object forms line-by-line 
images of sections of the object and concatenating the line-by-line images into a 

5 composite image, or imaging with a multiple linear photodetector arrays located in an 
image plane of the MA with each photodetector array having at least one of a spectral 
color filter and a spectral band-width filter such that scanning of the MA across the 
sample forms line-by-line images of sections of the object and concatenating the line- 
by-line images into a color composite image. The step of imaging at step 100 can 

10 involve at least one of translating the microscope array longitudinally along the length 
of the object and axially away from the object to form a composite three-dimensional 
image of the substrate, transilluminating the object, and epi-illuminating the object. 

Figure 12 is a block diagram of an exemplary computer 1202 such as for 
example the computer 32 shown in Figure 5B that may be programmed to perform 

1 5 one or more of the special purpose functions of the present invention, including 
controlling or directing some or part of the afore-mentioned method steps. The 
computer 1202 is a personal computer, a portable computer, a computer workstation 
with sufficient memory and processing capability, or any device configured to work 
like a computer. In one embodiment, the computer 1202 is a device diagramatically 

20 shown in Figure 12. In this embodiment, the computer 1202 includes a central 

processing unit 1204 (CPU) that communicates with a number of other devices by 
way of a system bus 1206. The computer 1202 includes a random access 
memory (RAM) 1208 that stores temporary values used in implementing any one of 
the method steps of the present invention. 

25 The central processing unit 1204 is configured for high volume data 

transmission for performing a significant number of mathematical calculations in 
controlling the microscope array of the present invention. A Pentium IE 
microprocessor such as the 1 GHz Pentium III manufactured by Intel Inc. may be 
used for CPU 1204. The processor employs a 32-bit architecture. Other suitable 

30 processors include the Motorola 500 MHz Power PC G4 processor and the Advanced 
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Micro Devices 1 GHz AMD Athlon processor. Multiple processors and workstations 
maybe used as well. 

A ROM 1210 is preferably included in a semiconductor form although other 
read-only memory forms including optical medium may be used to host application 
5 software and temporary results. The ROM 1210 connects to the system bus 1206 for 
use by the CPU 1204. The ROM 1210 includes computer readable instructions that, 
when executed by the CPU 1204, perform different functions associated with 
controlling the microscope array of the present invention. An input control 1212 
connects to the system bus 1206 and provides an interface with various peripheral 

1 0 equipment including a keyboard 1 214 and a pointing device such as a mouse 1216 
settles to permit user interaction with graphical user interfaces. The input controller 
1212 may include different ports such as a mouse port in the form of a PS2 port or, 
for example, a universal serial bus (USB) port. The keyboard port for the 
input controller 1212 can be in the form of a mini-DIN port although other connectors 

15 may be used as well. The input controller 1212 may also include serial ports or 
parallel ports as well. 

A disc controller 1218 is in the form of an IDE controller and connects via 
driving cables to a removable media drive 1220 which may be implemented as a 
floppy disc drive, as well as a hard disc drive 1222 and a CD-ROM drive (not 

20 shown). In addition, a PCI expansion slide is provided on a disc controller 1218, a 
motherboard that hosts the CPU 1204. An enhanced graphic port expansion slot is 
provided and provides 3-D graphics with fast access to the main memory. The hard 
disc 1222 may also include a CD drive that may be readable as well as write-able. A 
communication controller 1224 provides a connection to a network 1228, which can 

25 be a local area network, wide area network, a virtual private network (VPN), or an 
extranet. The communications controller 1224 can also provide a connection to a 
public switched telephone network (PSIN) 1226 for providing Internet access. In one 
embodiment, the networks 1228 and 1226 and the communication controller 1224 
are connected by way of a plurality of connections including a cable-modem 

30 connection, digital subscriber line (DSL) connection, fiber optic connection, dial-up 
modem connection, and the like that connects to the communication controller 1224. 
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An input/output controller 1230 also provides connections to the external 
components such as an external hard disc drive 1232, a printer 1234, for example, by 
way of an RS 232 port and a CSI bus. The input/output controller 1230 can be 
connected to the MA 30 of the present invention. 

5 A display controller 1236 interconnects the system bus 1206 to a display 

device, such as a cathode ray tube (CRT) 1238. The CRT can be used for display of 
the concatenated images as well as providing information about the operational status 
of the MA 30. While a CRT is shown, a variety of display devices may be used such 
as an LCD (liquid crystal display) 1240, or a plasma display device. 

1 0 The present invention thus also includes a computer-based product that may 

be hosted on a storage medium and may include instructions that can be used to 
program a computer to perform a process in accordance with the present invention. 
This storage medium can include, but is not limited to, any type of disk including 
floppy disks, optical disks, CD-ROM, magneto-optical disks, ROMs, RAMs , 

1 5 EPROMs, EEPROMs, Flash Memory, Magnetic or Optical Cards, or any type of 
media suitable for storing electronic instructions. 

This invention may also be conveniently implemented using a conventional 
general purpose digital computer programmed according to the teachings of the 
present specification, as will be apparent to those skilled in the computer art. 

20 Appropriate software coding can readily be prepared by skilled programmers based 
on the teachings of the present disclosure as will be apparent to those skilled in the 
software art. In particular, the computer program product controlling the operation of 
the microscope array of the present invention can be written in a number of computer 
languages including but not limited to C,C++, Fortran, and Basic, as would be 

25 recognized by those of ordinary skill in the art. The invention may also 

be implemented by the preparation of applications specific integrated circuits or 
by interconnecting an appropriate network of conventional component circuits, as 
will be readily apparent to those skilled in the art. 

Numerous modifications and variations of the present invention are possible 

30 in light of the above teachings. It is therefore to be understood that within the scope 
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of the appended claims, the invention may be practiced otherwise than as specifically 
described herein. 
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CLAIMS: 

1 . A microscope array comprising: 

a plurality of optical elements being individually disposed with respect to a 
corresponding image plane and configured to image respective sections of an object; 
5 and 

a plurality of image sensors corresponding to respective optical elements and 
configured to capture corresponding representations of said respective sections of the 
object. 

2. The array of claim 1, wherein at least one of said optical elements 
10 comprises: 

a refractive member configured to control for aberrations in an image of the 

object. 

3. The array of Claim 2, wherein the refractive member includes a phase-mask 
optical element configured to permit the array to focus an object with an axial 

1 5 dimension variation beyond a depth of field of the optical elements. 

4. The array of Claim 2, wherein the refractive member is configured to 
include a material with an electrically or magnetically controlled refractive index. 

5. The array of Claim 4, wherein the refractive member is segmented such that 
segmented portions of the refractive member cover individual optical elements and 

20 provide independent focusing for the individual optical elements. 

6. The array of claim 1, wherein said corresponding representations comprise 
magnified representations of said respective images. 

7. The array of claim 1, wherein said plurality of optical elements are 
configured to be offset in two dimensions so as to produce respective images that do 

25 not overlap more than a predetermined amount. 

8. The array of Claim 1, wherein the optical elements are configured as a dry 
imaging system with a numerical aperture within a range from NA = 0.05 to NA < 
1.0. 

9. The array of Claim 1, wherein the optical elements are configured as an 
30 immersion imaging system with a numerical aperture within a range from NA = 0.05 

to NA = 0.95h, where n is the index of refraction of the immersion medium. 
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10. The array of Claim 1 , wherein at least one of said optical elements 
comprises: 

an objective lens; and 

a refractive member disposed in tandem with the objective lens to control 
5 aberrations in an image from the object. 

11. The array of Claim 1 0, wherein the at least one refractive member 
comprises: 

at least one refractive plate including at least one corrective optical element. 

12. The array of Claim 11, wherein the refractive plate comprises: 
10 an array of the corrective optical elements. 

13. The array of Claim 12, wherein the corrective optical elements are formed 
by at least one of lithographically patterning, embossing, molding, and laser-printing. 

14. The array of Claim 12, wherein the corrective optical elements are 
fabricated from material selected from at least one of polymers, plastics, and glasses, 

1 5 said materials having substantially different indices of refraction. 

15. The array of Claim 14, wherein the corrective optical elements are 
fabricated by a sol-gel process which utilizes UV-activated sol gel material and UV 
photomask exposure and developing to define said corrective optical elements on the 
refractive plates. 

20 16. The array of Claim 14, wherein the corrective optical elements are 

fabricated by a sol-gel process which utilizes a laser to define said corrective optical 
elements on the at least one refractive plate. 

17. The array of Claim 14, wherein the corrective optical elements include at 
least one of an aspherical element, a lenslet, and a diffractive optical element. 
25 18. The array of Claim 1, further comprising: 

a lateral translation device configured to provide lateral translation between 
the object and the microscope array; and 

a concatenation device configured to concatenate said image signals into a 
composite image of the object. 
30 1 9. The array of Claim 1 8, wherein the lateral translation device is configured 

to translate the microscope array laterally along a length of the object. 
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20. The array of Claim 18, wherein the optical elements are arranged on a 
staggered grid such that one optical element has a field of view overlapping with the 
field of view of another optical element when the microscope array is laterally 
translated along a length of the object. 
5 21 . The array of Claim 1 , further comprising: 

a composite base plate configured to support all the optical elements in the 
microscope array. 

22. The array of Claim 1, further comprising: 

a refractive member including a phase-mask optical element configured to 
10 permit the array to image an object with a axial dimension beyond the depth of field 
of any one of the optical elements. 

23. The array of Claim 1, wherein the optical elements comprise: 
an objective lens having at least one conically derived surface. 

24. The array of Claim 1, wherein the optical elements comprise: 

15 an objective lens having at least one of a plano-convex lens, a convex-piano 

lens, a biconvex lens, a convex-concave lens, and a concave-convex lens. 

25. The array of Claim 1, wherein the optical elements comprise: 

an objective lens is made from a glass having a spatially varying index of 
refraction. 

20 26. The array of Claim 1, further comprising: 

a micro-optical table configured to locate and fix positions of the optical 
elements and the image sensors. 

27. The array of Claim 26, wherein the micro-optical table comprises: 
a substrate; and 

25 slots in said substrate to locate the optical elements and the image sensor, 

wherein the substrate comprises at least one of a silicon substrate, a glass 
substrate, and a polymer substrate. 

28. The array of Claim 27, wherein the micro-optical table further comprises: 
silicon springs integral to said slots and configured to attach the optical 

30 elements and the image sensor to the micro-optical table. 

29. The array of Claim 1, wherein the image sensors comprise: 
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a linear photodetector array. 

30. The array of Claim 29, wherein the image sensor comprises: 

a plurality of linear photodetector arrays, at least one of said linear 
photodetector arrays having an optical path-length modifying member configured to 
5 image different object surfaces conjugate to the corresponding image plane. 

31. The array of Claim 30, wherein the linear photodetector arrays are located 
in an image plane of the array. 

32. The array of Claim 29, wherein the image sensor includes multiple linear 
photodetector arrays located in an image plane of the microscope array with 

10 individual photodetector arrays having at least one of a spectral color filter and a 
spectral band-width filter. 

33. The array of Claim 1, further comprising: 

a light source configured to illuminate the object by at least one of 
transillumination and epi-illumination of the object. 
15 34. The array of Claim 33, comprising: 

at least one of a waveguide and a lightguide on a base plate holding the 
objective lens and configured to transmit light to the object. 

35. The array of Claim 1, wherein the optical elements include at least one of 
a refractive optical element, reflective optical element, and a diffractive optical 

20 element. 

36. The array of Claim 1, further comprising: 

an axial translation device configured to provide axial translation between the 
object and the microscope array. 

37. A microscope array comprising: 

25 a plurality of optical elements being individually disposed with respect to a 

corresponding image plane and configured to image respective sections of an object; 

a refractive member associated with said plurality of optical elements and 
configured to control aberrations in images from respective sections of the object; 
and 

30 an image sensor configured to capture said images of the object. 
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38. The array of Claim 37, wherein the images captured by the image sensor 
comprise magnified images. 

39. The array of Claim 37, wherein the at least one refractive member 
comprises: 

5 at least one refractive plate including at least one corrective optical element to 

control said aberrations. 

40. The array of Claim 39, wherein the corrective optical elements include at 
least one of an aspherical element, a lenslet, and a diffractive optical element. 

41. The array of Claim 37, wherein the optical elements include an objective 
10 lens having at least one conical surface. 

42. The array of Claim 37, wherein the optical elements include an objective 
lens having at least one of a plano-convex lens, a convex-piano lens, a biconvex lens, 
a convex-concave lens, and a concave-convex lens. 

43. The array of Claim 37, wherein the optical elements includes at least one 
15 of a refractive optical element, reflective optical element, and a diffractive optical 

element. 

44. A method for imaging an object, comprising: 

imaging respective sections of an object with a plurality of optical elements 
disposed with respect to a corresponding image plane and configured to image 
20 respective sections of an object; and 

capturing corresponding representations of said respective sections of the 
, object from a plurality of respective image sensors. 

45. The method of Claim 44, further comprising: 
scanning along a given direction of the object; and 

25 concatenating said images of sections into a composite image of the object. 

46. The method of Claim 44, wherein the step of imaging comprises: 

dry imaging with a numerical aperture having a range from NA = 0.05 to NA 

<1.0. 

47. The method of Claim 44, wherein the step of imaging comprises: 

30 immersion imaging with a numerical aperture having a range from NA = 0.05 

to NA = 0.95/2, where n is the index of refraction of the immersion medium. 
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48. The method of Claim 44, wherein the step of imaging comprises: 
imaging through a phase-mask optical element to focus an object with a 

dimension variation beyond a depth of field of the optical elements. 

49. The method of Claim 44, wherein the step of imaging comprises: 
5 imaging through an optical element with an electronically controlled 

refractive index. 

50. The method of Claim 49, comprising: 

dynamically focusing said optical element by electrically controlling said 
refractive index. 

10 51. The method of Claim 44, wherein the step of imaging comprises: 

translating the array laterally along the length of the object and axially 
away from the object to form a composite three-dimensional image of the object. 

52. The method of Claim 44, wherein the step of imaging comprises: 

transilluminating the object. 
15 53. The method of Claim 44, wherein the step of imaging comprises: 

epi-illuminating the object. 

54. The method of Claim 44, wherein the step of capturing comprises: 
imaging with a linear photodetector array located in an image plane of the 

array such that scanning the array across the object forms line-by-line images of 
20 sections of the object; and 

concatenating the line-by-line images into a composite image. 

55. The method of Claim 44, wherein the step of capturing comprises: 
imaging with multiple linear photodetector arrays located in an image plane of 

the microscope array with each photodetector array having at least one of a spectral 
25 color filter and a spectral band-width filter; 

scanning the array across the sample to form line-by-line images of sections of 
the object; and 

concatenating the line-by-line images into a color composite image. 

56. A microscope for imaging an object, comprising: 
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means for imaging respective sections of an object with a plurality of optical 
elements disposed with respect to a corresponding image plane and configured to 
image respective sections of an object; and 

means for capturing corresponding representations of said respective sections 
5 of the object from a plurality of respective image sensors. 

57. The microscope of Claim 56, further comprising: 

means for scanning along a lateral direction of the object; and 

means for concatenating said images of sections into a composite image of the 

object. 

10 58. The means of Claim 56, wherein the means for imaging comprises: 

means for dry imaging with a numerical aperture within a range from NA = 
0.05 to NA< 1.0. 

59. The microscope of Claim 56, wherein the means for imaging comprises: 
means for immersion imaging with a numerical aperture within a range from 

15 NA = 0.05 to NA = 0.95/z, where n is the index of refraction of the immersion 
medium. 

60. The microscope of Claim 56, wherein the means for imaging comprises: 
means for imaging through a phase-mask optical element to focus an object 

with a dimension variation beyond a depth of field of the microscopes. 
20 61 . The microscope of Claim 56, wherein the means for imaging comprises: 

means for imaging through an optical element with an electronically 
controlled refractive index. 

62. The microscope of Claim 61, wherein the means for imaging comprises: 
means for dynamically focusing said optical element by electrically 

25 controlling said refractive index. 

63. The microscope of Claim 56, wherein the means for imaging comprises: 
means for translating the means for imaging laterally along a length of 

the object and axially away from the object to form a composite three-dimensional 
image of the object. 

30 64. The microscope of Claim 56, wherein the means for imaging comprises: 

means for transilluminating the object. 
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65. The microscope of Claim 56, wherein the means for imaging comprises: 
epi-illuminating the object. 

66. The microscope of Claim 56, wherein the means for producing comprises: 
means for imaging with a linear photodetector array located in an image plane 

5 of the array such that scanning the means for imaging across the object forms line-by- 
line images of sections of the object; and 

means for concatenating the line-by-line images into a composite image. 

67. The means of Claim 56, wherein the means for capturing comprises: 
means for imaging with a multiple linear photodetector arrays located in an 

10 image plane of the array with each photodetector array having at least one of a 
spectral color filter and a spectral band-width filter; 

means for scanning the means for imaging across the sample forms line-by- 
line images of sections of the object; 

means for concatenating the line-by-line images into a color composite 

1 5 image. 

68. A computer program product which stores computer instructions which 
when executed by a computer cause the computer to perform steps comprising: 

controlling scanning of an object with a microscope including a plurality of 
optical elements which are coupled to a plurality of respective light sensitive elements 
20 to produce image data corresponding to respective images output from said light 
sensitive elements during said scanning; and 

concatenating said image data to produce a composite image of the object. 

69. The computer program product of Claim 68, which stores further 
instructions which when executed by said computer cause said computer to perform a 

25 further step comprising: 

processing a magnified image from a light sensitive element including a phase 
element, to remove position-independent blur, and to form a focused three- 
dimensional image of the object. 

70. The computer program product of Claim 68, which stores further 

30 instructions which when executed by said computer cause said computer to perform 
a further step comprising: 
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controlling an electronically adjustable refractive index of a material on a 
cover plate of one of said light sensitive elements to dynamically focus of said one of 
said light sensitive elements. 

71. The computer program product of Claim 68, which stores further 
5 instructions which when executed by said computer cause said computer to perform 
further steps comprising: 

controlling a translation device to translate the microscope laterally along the 
length of the object and axially away from the object; and 

forming composite three-dimensional image of the object. 
1 0 72. The computer program product of Claim 68, which stores further 

instructions which when executed by said computer cause said computer to perform 
a further step comprising: 

controlling transillumination of the object. 

73. The computer program product of Claim 68, which stores further 

15 instructions which when executed by said computer cause said computer to perform 
a further step comprising: 

controlling epi-illumination of the object. 

74. The computer program product of Claim 68, which stores further 
instructions which when executed by said computer cause said computer to perform 

20 further steps comprising: 

controlling a translation device to scan the microscope across the object to 
form line-by-line images of sections of the objects; and 

concatenating the line-by-line images into said composite image. 

75. The computer program product of Claim 68, which stores further 

25 instructions which when executed by said computer cause said computer to perform 

further steps comprising: 

controlling a translation device to scan the microscope, including the plurality 

of optical elements, the plurality of corresponding light sensitive elements and at least 

one of a spectral color filter and a spectral band-width filter, across the object to 
30 image the object during scanning through to form line-by-line images of sections of 

the objects; and 
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concatenating the line-by-line images into a color composite image. 

76. A computer program product which stores computer instructions which 
when executed by a computer cause the computer to perform steps comprising: 

imaging respective sections of an object with a plurality of optical elements 
5 disposed with respect to a corresponding image plane and configured to image 
respective sections of an object; and 

capturing corresponding representations of said respective sections of the 
object from a plurality of respective image sensors. 

77. The computer program product of Claim 76, which stores further 

10 instructions which when executed by said computer cause said computer to perform 
further steps comprising: 

scanning along a given direction of the object; and 

concatenating said images of sections into a composite image of the object. 

78. The computer program product of Claim 76, which stores further 

15 instructions which when executed by said computer cause said computer to perform 
further steps comprising: 

dry imaging with a numerical aperture having a range from NA = 0.05 to NA 

<1.0. 

79. The computer program product of Claim 76, which stores further 

20 instructions which when executed by said computer cause said computer to perform 
further steps comprising: 

immersion imaging with a numerical aperture having a range from NA = 0.05 
to NA - 0.95/1, where n is the index of refraction of the immersion medium. 

80. The computer program product of Claim 76, which stores further 

25 instructions which when executed by said computer cause said computer to perform 
further steps comprising: 

imaging through a phase-mask optical element to focus an object with a 
dimension variation beyond a depth of field of the optical elements. 

81. The computer program product of Claim 76, which stores further 

30 instructions which when executed by said computer cause said computer to perform 
further steps comprising: 
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imaging through an optical element with an electronically controlled 
refractive index. 

82. The computer program product of Claim 76, which stores further 
instructions which when executed by said computer cause said computer to perform 
5 further steps comprising: 

dynamically focusing said optical element by electrically controlling said 
refractive index. 

83. The computer program product of Claim 76, which stores further 
instructions which when executed by said computer cause said computer to perform 

1 0 further steps comprising: 

translating the array laterally along the length of the object and axially 
away from the object to form a composite three-dimensional image of the object. 

84. The computer program product of Claim 76, which stores further 
instructions which when executed by said computer cause said computer to perform 

1 5 further steps comprising: 

transilluminating the object. 

85. The computer program product of Claim 76, which stores further 
instructions which when executed by said computer cause said computer to perform 
further steps comprising: 

20 epi-illuminating the object. 

86. The computer program product of Claim 76, which stores further 
instructions which when executed by said computer cause said computer to perform 
further steps comprising: 

imaging with a linear photodetector array located in an image plane of the 
25 array such that scanning the array across the object forms line-by-line images of 
sections of the object; and 

concatenating the line-by-line images into a composite image. 

87. The computer program product of Claim 76, which stores further 
instructions which when executed by said computer cause said computer to perform 

30 further steps comprising: 
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imaging with multiple linear photodetector arrays located in an image plane of 
the microscope array with each photodetector array having at least one of a spectral 
color filter and a spectral band-width filter; 

scanning the array across the sample to form line-by-line images of sections of 
5 the object; and 

concatenating the line-by-line images into a color composite image. 



47 

BNSDOCID: <WO_02075370A2_I_> 




BNSDOCID: <WO_02075370A2_I_> 



SUBSTITUTE SHEET (RULE 26) 



WO 02/075370 



2/22 



PCT/US02/08286 




BNSDOCID: <WO_02075370A2_I_> 



SUBSTITUTE SHEET (RULE 26) 




SUBSTITUTE SHEET (RULE 26) 

BNSDOCID: <WO_02075370A2J_> 

6 



r 



WO 02/075370 PCT/US02/08286 




BNSDOCID: <WO_02075370A2_t> 



SUBSTITUTE SHEET (RULE 26), 



r 



r 



WO 02/075370 PCTAJS02/08286 



5/22 




FIG. 4C 



BNSDOCID: <WO_02075370A2J_> 



SUBSTITUTE SHEET (RULE 26) 



WO 02/075370 



6/66 



PCT/US02/08286 




BNSDOCID:<WO_02075370A2_I > 



SUBSTITUTE SHEET (RULE 26) 



r 



r 



WO 02/075370 PCT/US02/08286 



7/22 



--28 







II 1 1 








1 1 1 


□□□□□ 








□□□HE 




1 


1 


3 133=1- 








□tnnt 




II 








II 


1 1 






II 


1 1 II 






JUJJL 














]UDL 





30 



FIG. 5B 



BNSDCXID: <WO_0207S370A2_I_> 



SUBSTITUTE SHEET (RULE 26) 



r r 

WO K/II75370 PCT;USK/(«28f, 

8/22 



to 



"T 



BNSDOCID: <WO_02075370A2_I_> 



SUBSTITUTE SHEET (RULE 26) 



WO 02/075370 



9/22 



PCT/US02/08286 




BNSDOCID: <WO_02075370A2_I_> 



SUBSTITUTE SHEET (RULE 26) 



WO 02/075370 PCT/US02/08286 

10/22 




SUBSTITUTE SHEET (RULE 26) 

02075370A2_I_> 



WO 02/075370 



11/22 



PCT/LS02/08286 




BNSDOCID: <WO_02075370A2J_> 



SUBSTITUTE SHEET (RULE 26) 



WO 02/075370 



12/22 



PCT/US02/08286 




BNSDOCID: <WO_02075370A2_I_> 



SUBSTITUTE SHEET (RULE 26) 



r 



r 



WO (12/075370 



PCT/US02/08286 



13/22 



PRODUCE A RELATIVE SCANNING MOTION BETWEEN AN ARRAY 
OF MICROSCOPES AND AN OBJECT SO THAT THE ARRAY SCANS 
THE OBJECT AND GENERATES IMAGE SIGNALS 
CORRESPONDING TO IMAGES FROM THE MICROSCOPES 



•100 





110 

/ 


COLLECT LIGHT AND MAGNIFY A SECTION 
OF AN OBJECT WITH AN OBJECTIVE LENS 




120 
/ 



FOCUS COLLECTED D LIGHT WITH AT LEAST 
ONE REFRACTIVE PLATE TO FORM AN IMAGE 
SO THAT ABERATIONS IN THE IMAGE ARE 
CORRECTED IN TANDEM BY THE OBJECTIVE 
LENSE AND THE REFRACTIVE PLATES 



CAPTURE THE PLURALITY OF IMAGES 
WITH AT LEAST ONE IMAGE SENSOR 



•130 



CONCATENATE THE PLURALITY OF 
IMAGES INTO A COMPOSITE IMAGE 



■140. 



FIG. / / 



SUBSTITUTE SHEET (RULE 26) 



BNSDOCID: <WO_02075370A2J_> 



( 

WO 02/075370 



14/22 



r 

PCT/US02/08286 



1238 



CRT 



1232 



HARD 
DISK 



PRINTER 



1228 



1234 



NETWORK 



PSTN 



1226 



1220- 



1236 

_L_ 

DISPLAY 
CONTROLLER 



CPU 



1204 



LCD 
DISPLAY 



1240 1230 



I/O 
CONTROLLER 



1206 — 



1224 



SYSTEM 
BUS 



COMMUNICATIONS 
CONTROLLER 



1218 



DISK 
CONTROLLER 



REMOVABLE 
MEDIA DRIVE 



HARD DISK —1222 



1208 



RAM 



ROM 



T 

1210 



1212 



INPUT 
CONTROLLER 



1214 



KEYBOARD 



MOUSE 



1216 



■1202 



FIG. 12 



SUBSTITUTE SHEET (RULE 26) 

BNSDOCID: <WO_02075370A2_I_> 



* - 



WO 02/075370 PCT/US02/08286 

15/22 




1314 1313 
FIG. 13 



BNSDOCID: -cWO_02075370A2J_> 



SUBSTITUTE SHEET (RULE 26) 




WO 02/075370 PCT/US02/08286 



16/22 




FIG. t<4 



SUBSTITUTE SHEET (RULE 26) 

BNSDOCID: <WO_O2O75370A2_L> 



6 



r r 

WO 02/075370 PCT/US02/08286 

17/22 



FIG. 15 




1501 



BNSDOOID: <WO_02076370A2J_> 



SUBSTITUTE SHEET (RULE 26) 



WO 02/075370 



c 



r 

18/22 



PCT/US02/08286 




BNSDOCID: <WO_02075370A2J_> 



SUBSTITUTE SHEET (RULE 26) 



WO 02/075370 



19/22 



PCT/LS02/08286 



1703 




1705 



^□ddoddooo/ 
ddodddooddd 

□□□□□□□□□□O 

□□□□□□□□□□a 
□□□□□□□□□□a 

ODDDDDDOOOO 
OOOODODDODD 
□□□□□□□□□□D 

ooooooaoaoo 



1709 



iDODODDCiaa 



□ □□□□□□□□□] 



1708 



1713 



1716 



PDPPPPDPPOP/ 


J □□□PPPQDDD 


dododdoddg/ 


/tJDODDDDDDOD 


□□□□□□□□□□( 


<Q □□□□□□□□□□ 



1712 




1720 



IDDDDDDDQOC 



ODDODDDDOC DDDDDQDDDDDD 



□ □□□□OOODC pPPPOPPPDD □ □ 



3PPPPPPPDPPD 



□□□□□□□□DOC pOODQOOODDOa 



□ □□□□□DDODC DOOOODDDDDQD 



DOQDDODODDC POOQOODDDDOQ 



□PoaaoDDaoc Doddqqdqdodd 



aooaoDODaac pppdoopppppp 




1719 



mmmmmmmm 



mmmmmmmmmmw 



mmmmmmmmmmm 



1717 



SUBSTITUTE SHEET (RULE 26) 

BNSDOCID: <WO_0207S370A2_I_> 



'ft 



WO 02/075370 



20/22 



PCT/US02/08286 




BNSDOCID; <WO_02075370A2_L> 



SUBSTITUTE SHEET (RULE 26) 



r r 

WO (12/075370 PCT/US02/08286 




UQ3 



SUBSTITUTE SHEET (RULE 26) 



BNSDOCID: <WO_02075370A2J_> 



WO 02/075370 PCT/US02/08286 

22/22 




FIG. 20 



SUBSTITUTE SHEET (RULE 26) 

BNSDOCID: <WO 02075370A2_L> 



ft 



THIS PAGE bum (uspto) 



r 



(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 

International Bureau 

(43) International Publication Date 
26 September 2002 (26.09.2002) 




PCT 



(10) International Publication Number 

WO 02/075370 A3 



(51) International Patent Classification 7 : G06K 9/00 

(21) International Application Number: PCT/US02/08286 

(22) International Filing Date: 19 March 2002 (19.03.2002) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 

60/276,498 



19 March 2001 (19.03.2001) US 



(71) Applicants and 

(72) Inventors: WEINSTEIN, Ronald, S. [US/US |; 7241 N. 
Cobblestone Road, Tucson, AZ 85718 (US). DESCOUR, 
Michael, R. [USAJS|; 2453 N. Quesncl Loop, Tucson, 
AZ 85715 (US). LIANG, Chen [CN/CNj; 5936 B. 4lh 
Sum, Tucson, AZ 85711 (US). BART ELS, Peter, H. 



IUS/USJ; 10625 E. Speedway Blvd, Tucson, AZ 85748 
(US). SHACK, Ronald, V. |US/US|; 6918 E. Blue Lake 
Drive, Tucson, AZ 85715 (US). 

(74) Agent: KU ESTERS, Eckhard, H.; Ohlon, Spivak, Mc- 
Clelland, Maier & Neustadl, P.C., 1755 Jefferson Davis 
Highway, 4th floor, Arlington, VA 22202 (US). 

(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CM, CN, CO, CR, CU, 
CZ, DE, DK, DM, DZ, EC, BE, IiS, PI, GB, GD, GE, Gil, 
GM, IfR, IIU, ID, IL, IN, IS, JP, KB, KG, KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, 
MX, MZ, NO, NZ, OM, PH, PL, I>T, RO, RU, SD, SE, SG, 
SI, SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, 
VN, YU, ZA, ZM, ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW), 
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM), 

[Continued on next page] 



(54) Title: MINIATURIZED MICROSCOPE ARRAY DIGITAL SLIDE SCANNER 



< 



c5 




(57) Abstract: An array of microscopes (10) and a method of imag- 
ing an object with the array of microscopes. The array includes a 
plurality of optical elements (12,16 ) being individually disposed with 
respect to a corresponding image plane and configured to image re- ' 
spective sections of an object, and includes a plurality of image sen- 
sors (18) corresponding to respective optical elements and configured 
to capture corresponding representations of the respective sections of 
the object. The method includes imaging respective sections of an 
object with a plurality of optical elements and capturing correspond- 
ing representations of sections of the object from a plurality of image 
sensors. 



BNSDOCID: <WO_02075370A3_I_> 



WO 02/075370 



European patent (AT, BE, CH, CY, DF, DK, US, FI, FR, 
GB, GR, IE, IT, LU, MC, NL, Fr, SK, TR), OAPI patent 
(BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML, MR, 
NE, SN, TD, TG). 

Published: 

— with international search report 



A3 i wm inniBi » win iiiiniimi ih iniiimi cm »m imum muu im mi 111 



(88) Date of publication of the international search report: 

22 May 2003 

For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations" appearing at the begin- 
ning of each regular issue of the PCT Gazette. 



BNSDOCID: <WO 02075370A3. I > 



r 



INTERNATIONAL SEARCH REPORT 



International application No. 
PCT/US02/08286 



A. CLASSIFICATION OF SUBJECT MATTER 

IPC(7) : G06K9/00 
US CL : 382/141 
.According to Internation al Patent Classification (IPO or to both national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 382/141; 359/368, 372, 373, 374 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 



Electronic data base consulted during the international search (name of data base and, where practicable search terms used) 
USPAT, EPO, JPO, DERWENT 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category 3 



Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



X,P 
A 
A 



US 6,320,174 Bl (TAFAS et al) 20 November 2001 (20.11.2001), column 3, line 66 - 
column 5, line 12. 

US 6,094,411 A (MATSUDA et al) 25 July 2000 (25.07.2000), column 5, line 66 - 
column 6, line 32. 

US 5,260,826 A (WU) 09 November 1993 (09.11.1993), column 3, line 45 - column5, 
line 8. 



1-87 
1, 37, 56,68, 76 
1, 37, 56, 68, 76 



I I Further documents are listed in the continuation of Box C. | 1 



See patent family annex. 



* Special categories of cited documents: 

"A" document defining the general state of the art which is not considered to be 
of particular relevance 

"E" earlier application or patent published on or after the international filing date 

"IS document which may throw doubts on priority claim(s) or which is ched to 
establish the publication date of another citation or other special reason (as 
specified) 

"O" document referring to an oral disclosure, use, exhibition or other means 

"P" document published prior to the international filing date but later than the 
priority date claimed 



"V later document published after the international filing date or priority 

date and not in conflict with the application but cited to understand the 
principle or theory underlying the invention 

"X* document of particular relevance; the claimed invention cannot be 

considered novel or cannot be considered to involve an inventive step 
when the document is taken alone 

" Y* document of particular relevance; the claimed invention cannot be 

considered to involve an inventive step when the documem is 
combined with one or more other such documents, such combination 
being obvious to a person skilled in the art 

document member of the same patent 



Date of the actual completion of the international search 
01 October 2002 (01.10.2002) 



Date of mailing of the 



'eport 



Name and mailing address of the ISA/US 

Commissioner of Patents and Trademarks 
BoxPCT 

Washington, D.C. 20231 
Facsimile No. (703)305-3230 



Authorized officei 
Thomas D. Lee 
Telephone No. (703) 30: 




Form PCT/ISA/210 (second sheet) (July 1998) 



BNSDOCIO: <WO_02075370A3J_> 



6 



THIS PAGE BLANK (uspto) 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 



FADED TEXT OR DRAWING 

□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 



M LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 





THIS PAGE BLANK (usfto) 



